When [3Hlinositol-labeled carrot (Daucus carota L.) cells were treated with 10 or 25 p~ wasp venom peptide mastoparan or the active analog Mas-7 there was a rapid loss of more than 70% of Plasma membranes isolated from mastoparan-treated cells had increased PIP-phospholipase C (PLC) activity. However, when Mas-7 was added to isolated plasma membranes from control cells, it had no effect on PIP-PLC activity at low concentrations and inhibited PIP-PLC at concentrations greater than 10 p~. In addition, guanosine-5'-0(3-thiotriphosphate) had no effect on the PIP-PLC activity when added to plasma membranes isolated from either the Mas-7-treated or control cells. The fact that Mas-7 did not stimulate PIP-PLC activity i n vitro indicated that the Mas-7-induced increase in PIP-PLC in vivo required a factor that was lost from the membrane during isolation.
* Corresponding author; e-mail wendy-boss@ncsu.edu; fax 1-919-515-3436. ulate cytoskeletal structure (Tan and Boss, 1992; Drabak, 1993; Gross and Boss, 1993; Staiger et al., 1993; Yang et al., 1993) .
Small changes in the levels of inositol phospholipids have been observed in some higher plant systems in response to specific stimuli (Morse et al., 1987; for review, see Drnbak, 1992 for review, see Drnbak, , 1993 Hetherington and Drabak, 1992; Cote and Crain, 1993; Gross and Boss, 1993) ; however, the mechanism of regulation of the enzymes involved in the metabolism of these lipids is not well understood. PLC catalyzes the hydrolysis of the inositol phospholipids, producing potential second messengers, and therefore, it is particularly important to understand the regulation of this critical, committed step in the cell signaling pathway.
There are at least three different subfamilies of PIP-/ PIE',-PLC in animal cells based on protein isolation, immunological characterization, and molecular cloning studies.
These include PLC p, 7, and 6 (Rhee, 1991) . The mammalian PLC p isozymes are activated by heterotrimeric G proteins that include the G,, subfamily of G, proteins (Blank et al., 1991; Smrcka et al., 1991; Taylor et al., 1991 ; for review, see Cockcroft and Thomas, 1992; Sternweis and Smrcka, 1992) . PLC activity has been reported in severa1 plant systems (for review, see Sandelius and Sommarin, 1990) . PI is the preferred substrate for the soluble form of PLC and millimolar concentrations of Cazt are required for activation (Irvine et al., 1980; Helsper et al., 1986 Helsper et al., , 1987 Pfaffmann et al., 1987) . PIP and PIP, are the preferred substrates for the plasma membrane-associated PLC (Melin et al., 1987) . The plasma membrane PIP-/PIP,-PLC is activated by micromolar concentrations of Ca2+ with maximum activation in the presence of millimolar concentrations of Mg2+ (Melin et al., 1987 (Melin et al., , 1992 Pica1 et al., 1992) .
Although GTP$ increases PLC activity in the alga Dunaliella salina (Einspahr et al., 1989) , there is no evidence for direct activation of PLC by G protein activators, GTP, or nonhydrolyzable GTP$ in plasma membranes isolated Plant Physiol. Vol. 107, 1995 from several different species of higher plants (Melin et al., 1987; Tate et al., 1989) .
Mastoparan, a cationic, amphiphilic tetradecapeptide, has been shown to increase IP, production in Cklamydomonas reinkardtii (Quarmby et al., 1992; Quarmby and Hartzell, 1994) and in soybean culture cells (Legendre et al., 1993) . Mastoparan, originally isolated from wasp venom, activates G proteins by mimicking the region of an activated receptor and binding the amino terminus of the G, subunit (Higashijima et al., 1988 (Higashijima et al., , 1990 Higashijima and Ross, 1991) . One explanation for the effect of mastoparan on IP, production in C. reinkardtii and soybean cells is that a G protein activates PLC (Quarmby et al., 1992; Legendre et al., 1993) . However, because mastoparan is a basic, amphiphilic peptide, it can affect enzyme activities by other mechanisms. For example, mastoparan can increase phospholipase A, activity and phosphoinositide-specific PLC activity by interaction with the lipid substrates (Argiolas and Pisano, 1983; Okano et al., 1985; Wallace and Carter, 1989) . In addition to its effects on G proteins, mastoparan has been shown to bind to several proteins including calmodulin (Malencik and Anderson, 1983; Yazawa et al., 1987) and purified PLC p (Wallace and Carter, 1989) . Mastoparan causes an increase in intracellular ca'+ in many types of animal cells (Joyce-Brady et al., 1991; Yule and Williams, 1991; Komatsu et al., 1993) as well as C. reinhardtii (Quarmby and Hartzell, 1994) . It stimulates secretion (Wilson, 1989; Yokokawa et al., 1989; Hillaire-Buys et al., 1992; Wheeler-Jones et al., 1992; Aridor et al., 1993) and DNA synthesis (Gil et al., 1991) in animal cells and stimulates elongation growth in zucchini hypocotyls (Scherer, 1992) . Small GTP-binding proteins play a central role in the regulation of vesicle transport and organelle function in yeast and mammalian cells (Balch, 1990 ) and now there is evidence for similar G proteins in plants (Memon et al., 1993a (Memon et al., , 1993b . Whether mastoparan-induced secretion results from a direct fusogenic action of mastoparan and/or from stimulation of the putative exocytosis-linked G proteins remains to be shown. Not surprisingly, when added to whole cells, mastoparan has multiple effects on cellular physiology . Higashijima et al. (1990) have made synthetic analogs to study the effects of mastoparan on G proteins. They found that the ability of the peptides to activate G proteins is related to their charge, hydrophobicity, and ability to form a helixes in lipid bilayers. For example, the synthetic analog Mas-7 varies in two amino acids compared with mastoparan. Ala is substituted for Lys" and Leu is substituted for Ile',. Mas-7 is more hydrophobic and has a greater tendency to form an a helix than mastoparan, and Mas-7 is more effective in activating G proteins. Mas-7 is selective for Gai and G,, subfamilies (Higashijima et al., 1990) . The inactive analog Mas-17 has a Lys substituted for Leu6 and Leu is substituted for Ile',. It is less hydrophobic and has less of a tendency to form a helixes.
In this paper, we demonstrate that mastoparan and the active analog Mas-7 activate the carrot (Daucus carota L.)
plasma membrane PIP-/PIP,-PLC only if added to intact cells. Activation is dependent on the mastoparan concentration, and neomycin inhibits the uptake of fluorescently labeled Mas-7 and thereby inhibits the Mas-7-i:iduced hydrolysis of [3HlPIP and t3HlPIP,.
MATERIALS AND METHODS

Plant Materials
Wild carrot (Damcms carota L.) cells grown in suspension culture were transferred weekly and used 4 d a:?er transfer as previously described (Chen and Boss, 1990a treatments were added as described. Mastoparan, Mas-7, and Mas-17 stock solutions (1.4 mM) were made in deionized water. An equivalent volume of deionized water was added as a control. For most of the data reported, the active synthetic analog Mas-7 was used rather than mastoparan. This was for two reasons: (a) a comparison of the two synthetic analogs eliminated potential problems with residual contaminants in the natural product and (b) Mas-7, as predicted by its structure, was more effective than mastoparan. The effect of mastoparan on whole-cell inositol lipid metabolism depends not only on the concentrations of these peptides in the medium but also on the ratio of the peptides to cell fresh weight. Care was taken to maintain a constant ratio of cells to culture medium so that the concentration of each additive per cell would not vary between experiments. For example, for these experiments we used 0.04 g fresh weight of cells mL-' medium. If the cell density was greater than 0.2 g fresh weight mL-' medium, the effect of mastoparan on the metabolism of inositol phospholipids was dramatically decreased (data not shown). Kanamycin, neomycin, and LaCI, (100, 100, and 10 p~ final concentration, respectively) were added 20 s prior to the addition of mastoparans for the pretreatment experiments.
Lipid Extraction and Separation
To the centrifuged cells, 1.5 mL of ice-cold CHCI,:MeOH (1:2, v/v) were added and the lipids were extracted and separated by TLC as described by Cho et al. (1992) . Briefly, the LK5D (Whatman) silica gel plates were presoaked in 1% potassium oxalate for 80 s, dried in a microwave for 10 min, and developed in CHCl,:MeOH:NH,OH:H, O (86:76: 6:16, v/v/v/v) . The distribution of the ,H-labeled lipids was quantitated with a Bioscan System (Washington, DC) 500 Imaging Scanner. The efficiency was 1% for ,H. The relative amount of each lipid was determined as the percentage of total ,H-lipid recovered. The relative distribution of each lipid was plotted as a percentage of the control values. The data presented are the means of six values (duplicate samples from three experiments) except for the time-course studies, for which four numbers from two experiments were averaged. Representative values for the dpm of individual lipids analyzed are given in the figure captions.
Extraction and Separation of lnositol Phosphates by HPLC
Cell extracts obtained by acid quenching (Cho et al., 1993) or neutra1 quenching (Wong et al., 1988) were chromatographed on HPLC (Cho et al., 1993) with an interna1 standard of [33PlI-1,4,5-P,. IP, was identified by comparing the HPLC profile with an externa1 standard of 1-1,4-P,. The [,H]IP, was pooled, desalted, mixed with [33P]I-1,4,5-P,, and phnsphorylated by recombinant rat brain 1-1,4,5-P, 3-kinase (clone C5) expressed in Esclzericlria coli (Takazawa et al., 1990; Craxton et al., 1994) . The reaction mixture contained purified 3-kinase diluted 1000-fold, 84 mM Hepes, pH 7.5,20 mwi MgCl,, 1 mM Na,ATP, 1 mM EGTA, 12 mM 2-mercaptoethanol, 0.2 p~ calpain inhibitor 1/11, 1 mg mL-' BSA, and 1% Triton X-100. After 35 min at 37"C, the reaction was terminated with 2 M perchloric acid containing 1 mg mL-' phytic acid and neutralized with Freon/octylamine (Cho et al., 1993) . The products were analyzed by HPLC using an adsorbosphere 5-pm SAX column (Alltech Associates Inc., Deerfield, IL) eluted at a flow rate of 1 mL min-' with a gradient generated by mixing water with 1 M NH,H,PO,, pH 3.35, buffer as follows: O to 5 min, 0% buffer; 5 to 130 min, O to 75% buffer. One-minute fractions were collected, mixed with 4 mL of Monoflow 4 scintillant (National Diagnostics, Atlanta, GA), and assayed for radioactivity by liquid scintillation counting. The counting efficiency was 34%.
Plasma Membrane and Endomembrane lsolation
Plasma membranes were isolated by aqueous two-phase partitioning as described by Chen and Boss (1990a) . The final plasma membrane pellet and lower phase (endomembrane) pellet were resuspended in 50 mM Tris-HC1, pH 6.0, and kept on ice until used for the PLC assay. Protein was determined by the method of Bradford (1976) with BSA as a standard. Lipids were extracted as previously described (Cho et al., 1992) .
Phospholipase C assay
PIP-and PIE' ,-PLC activity were assayed according to the method of Melin et al. (1992) . The standard reaction mixture contained 50 mM Tris-HC1 (pH 6.01, 20 p~ Ca2+ (a CaCIJEGTA mixture was used as described by Marks and Maxfield [1991] ), 0.2 mM PIP or PIP,, 0.02% (w/v) sodium deoxycholate, and 4 to 6 p g of membrane protein in a final volume of 50 pL. The reaction rate is proportional to the amount of enzyme up to 6 pg of plasma membrane protein (Melin et al., 1987) . The reaction is started by the addition of 10 pL of PIP or PIP, stock solutions containing I3H1-inositol-labeled PIP or PIP, (1100 dpm nmol-') in 0.1% (w/v) sodium deoxycholate. The stock solution was prepared by drying an aliquot (10 pL per assay of a 1 mg mL-' solution of the lipid substrate in CHCl,) under a stream of nitrogen, followed by sonication in 0.1% (w/v) sodium deoxycholate in 50 mM Tris-HC1 (pH 6.0) for 10 min. The reaction was stopped after 5 min at 25°C by addition of 1 mL of CHC1,:MeOH (2:1, v/v). After addition of 250 pL of 1 N HCl, vortexing, and centrifugation at 20008 for 3 min in a table-top centrifuge, the radioactive reaction products were recovered in the upper phase, analyzed by ion-exchange chromatography on a Dowex AG 1-X8 column (Berridge et al., 1983) , and quantitated by liquid scintillation counting. The counting efficiency was 45%.
To test for effects of GTPfi on PIP-PLC in isolated plasma membranes, GTPyS (1 O0 nM, final concentration) was added to the reaction mixture prior to the radioactive lipid substrate except when indicated.
Synthesis and Visualization of Fluorescent Mas-7 and Mas-I 7
Mas-7 or Mas-17 (0.7 mg) was dissolved in 0.5 mL of ice-cold 0.1 M NaHCO, (pH 8) and 0.4 mg of FITC was www.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 107, 1995 added. The mixture was stirred for 20 to 30 min at 4°C and then kept on ice without stirring for 2 h. The fluorescent Mas-7 and Mas-17 were purified by gel filtration (Sigma Sephadex G-10) using 2 mM Mes buffer (pH 6.0). The fluorescent compounds eluted with the void volume and separated from the unreacted fluorescein.
For the microscopy studies, 1 mL (0.04 g fresh weight) of 4-d carrot suspension culture cells was placed in a 16-mL disposable tube and a small aliquot (5-20 pL) of fluoresceinlabeled Mas-7 was added to the cells. Neomycin (100 p~, final concentration) was added 30 s prior to adding the FITC-labeled Mas-7 for pretreatment. The cells were incubated for 2 to 5 min at 200 rpm and 25°C on a rotary shaker. The labeled cells were washed with 1 mL of conditioned medium without fluorescein-labeled Mas-7 by brief centrifugation at 200g for 30 s. A drop of cells was placed on a glass slide and observed with a Zeiss IM 35 inverted microscope equipped with a X63 Neofluar lens for brightfield, differential interference contrast and fluorescence imaging. Fluorescein fluorescence was detected using an exciter filter BP 450490, beam splitter FT 510, and barrier filter BP 520-560. Photographs were made with Kodak T-MAX ASA 400 black and white film exposed for 8 s and developed with Kodak D-76 developer.
RESULTS
Mastoparan Treatment of [3H]lnositol-Labeled Cells
Results in a Loss of [3HlPIP and [3HlPIP, and an lncrease of [3HlIP, and l3H1IP3
Mastoparan and the two synthetic analogs Mas-7 (active) and Mas-17 (inactive) were used for these studies (Fig. 1) . Because of the low mo1 wt and mildly hydrophobic character of these peptides, they can penetrate most cells freely. Carrot cells were labeled with my0-[2-~H]inositol as described in "Materials and Methods" and the peptides were added. Mastoparan and Mas-7 treatment in vivo rapidly decreased the leve1 of [3H]inositol-labeled PIP and PIP, in the carrot cells with a maximum loss of 75 to 80% within 1 min (data not shown). After initial studies with mastoparan, we used the synthetic peptide Mas-7 to avoid potential contamination by endogenous lipases.
The effect of Mas-7 on the cellular inositol lipids was time and concentration dependent (Fig. 2) . At 1 p~ Mas-7 there was a slight increase in [3H]PIP. At higher concentrations (10 p~) , mastoparan and Mas-7 decreased [3H]PIP and [3HlPIP2 within 1 min. The inactive analog Mas-17 had no effect at 10 /LM and resulted in only a small (10-15%) decrease of [3HlPIP at 25 p~. Treatment with 25 p~ Mas-7
Manoparan ~e-Asn-Leu-Lys-Ala-Lu-Ala-~-Lu-Ala-Ly8-Lys-~e-Leu-~~
Mas-I7
ne-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Leu-Ala-Lys-Lys-~u-Leu-~2
Mas-7
ne-Asn-Leu-Lys-Ala-Lu-Ala-Ala-Lu-Ala-Lys-~-~u-Leu-~2 Figure 1 . Comparison of the amino acid sequences of mastoparan, Mas-1 7, the inactive analog, and Mas-7, the active analog. Table I ). After 5 min, the [3HlIP3 in the Mas-7-treated cells approached control levels, indicating that the IP, produced was hydrolyzed rapidly by endogenous phosphatases (Table I) . Although [3HlIP, also decreased, it remained higher than the control value for at least 5 min. Importantly, the total recovered in the aqueous phase of the treated cells was less than or equal to that of the controls, indicating that these effects of mastoparan were not due to changes in recovery of inositol phosphates during cell extraction.
The identity of [3H]I-1,4,5-P, was investigated by incubating it with the I-1,4,5-P3 3-kinase in the presence of an internal standard of [33P]I-1,4,5-P3. The [3HlI-1,4,5-P, and [33P]I-1,4,5-P3 were both phosphorylated to inositol-1,3,4,5-P,, indicating that the original, putative [3HlIP, was indeed I-1,4,5-P, (Fig. 4) . The phosphorylation was done on fractions from two different experiments and the same products were formed each time.
To determine whether the plasma membrane inositol phospholipids were sensitive to mastoparan treatment, plasma membranes were isolated from mastoparantreated cells. For these experiments, cells were labeled with [3Hlinositol for 4 h (20 pCi 0.8 g-* fresh weight).
[3H]PIP was 12 to 14% of total [3H]inositol-labeled lipid recovered in the plasma membrane fraction and 1.4% of the [3H]inositol-labeled lipid in lower-phase membranes. Approximately 70 to 80% of total microsomal [3H]PIP was recovered in the plasma membrane fraction, and approximately 75% of the plasma membrane [3H]PIP was hydrolyzed when cells were treated with Mas-7 for 5 min (Fig. 5) . The lower-phase PIP was also hydrolyzed by Mas-7 treatment (data not shown). [33PlI-1,4,5-P, was added as an interna1 standard.
Treating Cells with Mastoparan or Mas-1 7 lncreases the Specific Activity of PIP-and PIP,-PLC in lsolated Plasma Membranes
When cells were treated with mastoparan (25 p~) for 5 min, the PIP-and PIP,-PLC activity in isolated plasma membranes increased 150 and 200%, respectively (Table 11 ). The specific activity of the plasma membrane PIP-PLC was about 2-fold higher than that of PIP,-PLC. This is consistent with reports from other plant species (Sandelius and Sommarin, 1990). At high concentrations, the inactive synthetic 
When Mastoparan 1s Added to lsolated Plasma Membranes It Does Not lncrease the Specific Activity of the PIP-PLC
Plasma membranes were isolated from noni reated cells. When varying concentrations of Mas-7 or h4as-17 were added to the PLC reaction mixture, there was no increase in PIP-PLC activity (Fig. 6) . In fact, at concentraiions greater than 10 p~, Mas-7 decreased PIP-PLC activiry. Even the inactive analog Mas-17 inhibited PIP-PLC at very high concentrations (greater than 50 p~) .
In additj onal experiments, Mas-7 and Mas-17 were added at concimtrations as low as 0.01 p~ and no significant activation of PIP-PLC activity was detected (data not shown). Furthermore, adding the peptide after the lipid substrate did not enhance PIP-PLC. These results indicate that the component(s) required for activation of PIP-PLC by mastoparan were not present in the isolated plasma membrane fraction. Interestingly, the peptide that had the most hydrop hobicity and had the most amphipathicity, Mas-7, was the most effective inhibitor in vitro and the most effective activator in vivo.
GTPyS Does Not lncrease the Activity of PIP-IPLC in lsolated Carrot Plasma Membranes
GTP$ (100 nM, final concentration) was added to the PIP-PLC assay reaction mixture. Whether the plasma membranes were isolated from Mas-7-treated or control cells, GTPfi had no significant effect on the PIP-PLC activity (Table 111 ). These data indicate that not only was the PIP-PLC activity insensitive to GTPfi but also that the increased PIP-PLC activity in isolated membranes from the Mas-7-treated cells did not require GTPyS. The differences in the PIP-PLC-specific activity in Tables II and 111 reflect differences in the cell cultures used during the course of these studies. Importantly, the trends were consistent.
La3+, a Plasma Membrane Ca2+ Channel Blocker, Partially Reduces the Effect of Mastoparan on the Distribution of [3Hllnositol-Labeled Lipids
La3+ has been shown to inhibit plasma membrane Ca2+ channel activity (Tester, 1990; Knight et al., 1992) . La3+ (10 FM, final concentration) pretreatment delayed and decreased the effect of Mas-7 on the hydrolysis of [3HlPIP (Fig. 7A) . The maximum loss of [3H]PIP (approximately 50% of control) was observed after 5 min of Mas-7 treatment compared to a 70% loss after 1 min in the absence of La+3. These data suggested that a Ca2+ flux through plasma membrane was involved in the mastoparan response.
Another indication that ion transport may be affected by the Mas-7 treatment is that the pH of incubation medium changed as a result of mastoparan treatment. The pH of conditioned medium from the cell cultures was 4.0 to 4.2 after 4 d of transfer. After 1 min of Mas-7 treatment, the medium pH increased 0.5 to 1 unit (data not shown). Mas-17 treatment had no effect on medium pH.
Neomycin Pretreatment Prevents the Mas-7-lnduced
Loss of P'HIPIP and [3HlPIP,
Neomycin is a positively charged aminoglycoside that binds inositol phospholipids. It has been used for making affinity columns for inositol phospholipid isolation (Schacht, 1978) Although one might assume that neomycin in vivo bound the PIP present in the plasma membrane and thereby inhibited hydrolysis, we knew from other studies that most of the neomycin added to cells would bind to the cell wall and that treatment of whole cells with neomycin did not inhibit the PIP-PLC activity in isolated membranes (Z. Tan, M.H. Cho, and W.F. Boss, unpublished results). In addition, with animal cells, in vivo treatment with neomycin has little effect on PIP, turnover except at millimolar concentrations even though the PIP, levels in the animal cells are higher than in plants. These data suggested that the effect of in vivo treatment with neomycin was not by binding PIP or PIP, but by some other mechanism.
Neomycin Blocks the Uptake of Fluorescein-Labeled Mas-7
To address this question, we made fluorescein analogs of Mas-7 and Mas-17 using FITC and added the FITC-protein analogs to the 4-d cells. Fluorescence was readily visible within the cells and was localized within the endomembranes (Fig. 8, A and B) . There was no detectable fluorescence in the starch granules or nucleus, suggesting that mastoparan had not localized in these organelles. With time (approximately 10 min) the fluorescence was detectable in small vacuoles. FITC-Mas-17 was also taken up by the cells and resulted in an identical fluorescent pattern (data not shown). Importantly, when cells were pretreated with 100 PM neomycin for 30 s, uptake of the fluorescein- labeled Mas-7 was inhibited (Fig. 8, C and D) . The data indicate that neomycin blocked the response to mastoparan by blocking uptake of the peptide.
[3H]TP, recovered from whole cells, although the PLC activity in membranes isolated from cells treatecl with 25 p~ Mas-17 was higher than that from the water c-ontrols. The rapid and transient increase in [3HlIP, at 1 min returned to basal levels by 5 min. t3H]IP, also increased transiently but remained elevated after 5 min. During the
DISCUSSION
We have demonstrated that in vivo treatment of carrot cells with 10 and 25 FM mastoparan and Mas-7 increases PIP-and PIE',-PLC. The structure of IP, was confirmed for the first time in higher plants by phosphorylation with the I-1,4,5-P3 3-kinase. Even though there was a rapid loss of 70 to 80% of the [3HlPIP and [3HlPIP, , there (Cho et al., 1993) . One explanation is that in response to osmotic stress the changes in lipids occurred more gradually, and this, coupled with the fact that IP 2 and IP 3 are rapidly metabolized in the cell, contributed to the lack of detectable accumulation of The concentration of mastoparan used is a critical factor in understanding the mechanism of action. Scherer (1992) found that 1 to 2 /J.M mastoparan stimulated elongation growth in zucchini hypocotyls. Similar concentrations induced calcium oscillations in pancreatic acinar cells (Yule and Williams, 1991) and resulted in increased recovery of [ 3 H]PIP in the carrot cells (this work). At higher concentrations (5-10 IJ.M) mastoparan stimulates PLA 2 activity and inhibits elongation in zucchini (Scherer, 1992) , increases PLC activity in plant and animal cells (Yule and Williams, 1991; Legendre et al., 1993 ; this work), increases secretion in animal cells (Komatsu et al., 1993) , and deflagellation of C. reinhardtii (Quarmby et al., 1992; Quarmby and Hartzell, 1994) .
Mastoparan is the best stimulus of PIP and PIP 2 metabolism reported thus far in higher plants. Our data indicate that activation of PLC in the carrot cells did not involve direct interaction of mastoparan with PIP or integral plasma membrane proteins in that, when Mas-7 was added to isolated plasma membrane, PLC activity did not increase. This plus the fact that plasma membranes from mastoparan-treated cells had elevated PLC even without GTP in the reaction mixture suggest that activation of PLC by mastoparan required some cellular factor lost during membrane isolation.
Alternatively, mastoparan may have affected PIP metabolism indirectly by affecting G proteins involved in ion transport or secretion. Evidence is accumulating that G proteins are involved in regulating K + or Ca 2+ channels (Fairley-Grenot and Assmann, 1991; Simon et al., 1991; Li and Assmann, 1993) . The mastoparan-induced calcium oscillations in acinar cells (Yule and Williams, 1991) and in Sectreasea purpurea staminal hair cells (E.B. Tucker and W.F. Boss, unpublished results) were dependent on the presence of extracellular calcium. A transient increase in cytosolic calcium may explain why, at low concentrations, Mas-7 treatment resulted in an increase in [ 3 H]PIP. That is, activation of a calcium-dependent protein kinase could phosphorylate the PI 4-kinase activator PIK-A49 and thereby increase PI 4-kinase activity (Yang and Boss, 1994) .
Mastoparan also may have affected PLC activity by binding directly to proteins, for example, calmodulin (Malencik and Anderson, 1983; Yazawa et al., 1987) and PLC j3 (Wallace and Carter, 1989) or phospholipids (Wojcikiewicz and Nahorski, 1989) . Actin-binding proteins such as profilin bind PIP and PIP 2 and prevent hydrolysis by PLC in both plants and animal cells (Goldschmidt-Clermont et al., 1990; Staiger et al., 1993) . If a majority of the PIP 2 pool in plant cells were associated with profilin or other actin-binding proteins, a basic amphiphilic peptide such as mastoparan could displace the actin-binding proteins and thereby cause a rapid and large increase in PIP 2 hydrolysis.
One important aspect of this work is that we have shown that when using mastoparan or the synthetic analogs one needs to monitor uptake. FITC-Mas-7 was not taken up equally well by all cell types (M.H. Cho and W.F. Boss, unpublished results). With the carrot cells used in these studies, FITC-Mas-7 was taken up immediately and localized within the endomembranes of the cells. Importantly, neomycin blocked the uptake of FITC-Mas-7. Neomycin binds to cell walls (Z. Tan, M.H. Cho, and W.F. Boss, unpublished results), and it is not unreasonable that a positively charged aminoglycoside would affect the uptake of positively charged peptides such as mastoparan. The fact that neomycin binds the cell wall may explain why low (10-100 /J.M) concentrations of neomycin effectively prevented PIP 2 turnover by mastoparan, low pH (Quarmby et al., 1992) , and polygalacturonic acid elicitors (Legendre et al., 1993) in plants even though millimolar concentrations are usually used i n animal cells (Schacht, 1976; Downes and Michell, 1981; Lipsky and Lietman, 1982; Tysnes et al., 1988) .
In summary, we have shown that mastoparan treatment of carrot cells will activate t h e plasma membrane PIP-and l'IP,-PLC. The mastoparan-stimulated increase in PLC-specific activity persists i n isolated membranes from treated cells, but GTP did not increase PLC activity, nor was it necessary to see the activation in vitro. Mastoparan is the most effective stimulator of plant PIP and PIP, metabolism found thus far. Whether mastoparan will be simply a useful tool t o stimulate hydrolysis of a large portion of the PIP and PIP, pools or whether it is an indication that peptide growth factors may regulate plant growth and developm e n t via the PI cycle remains to be determined
